This study aimed to elucidate the impact of epithelial regenerative responses and immune cell infiltration on biliary complications after liver transplantation. Bile duct (BD) damage after cold storage was quantified by a BD damage score and correlated with patient outcome in 41 patients. Bacterial infiltration was determined by fluorescence in situ hybridization (FISH). BD samples were analyzed by immunohistochemistry for E-cadherin, cytokeratin, CD56, CD14, CD4, CD8, and double-immunofluorescence for cytokine production and by messenger RNA (mRNA) microarray. Increased mRNA levels of adherens junctions (P < 0.01) were detected in damaged BDs from patients without complications compared with damaged BDs from patients with biliary complications. Immunohistochemistry showed increased expression of E-cadherin and cytokeratin in BDs without biliary complications (P 5 0.03; P 5 0.047). FISH analysis demonstrated translocation of bacteria in BDs. However, mRNA analysis suggested an enhanced immune response in BDs without biliary complications (P < 0.01). Regarding immune cell infiltration, CD4
Biliary complications that occur in 6%-35% of liver transplantation (LT) patients represent a major cause of morbidity, mortality, and graft failure. (1) (2) (3) (4) (5) (6) (7) (8) In a previous study, we proposed the bile duct damage score (BDDS) as a clinically applicable tool to quantify bile duct (BD) damage (Fig. 1A) . (9) "Major" damage of the BD was found to be predictive of biliary complications after LT. (9) This is plausible because disrupted architecture and integrity of the biliary epithelium leads to impaired epithelial layer function. (10) Once the epithelial barrier function is disturbed, toxins and pathogens can enter the BD wall through translocation that aggravates tissue damage. (11) In this regard, the immune response may be critical since Hansen et al. showed that increased inflammation after organ reperfusion was associated with fewer biliary complications. (12) Unfortunately, they did not determine immune cell phenotypes because an intense immune cell invasion into BDs consisting of Kupffer cells, CD4
1 , and CD8 1 T cells generates a progressive BD injury as shown in infants with biliary atresia. (13) Considering the importance of biliary complications, it is surprising that the underlying molecular and immunological causes of biliary complications have thus far not been explored. Our current lack of understanding in this respect is reflected in the question as to why some of the patients who show "major" BD damage after cold storage develop biliary complications after LT, but others do not. In this study, we hypothesized that these alternative outcomes, once "major" damage of the BD has occurred, might be due to differences in epithelial healing, regeneration processes, and different immune responses to pathogens.
To explore how these different factors influence BD complications after LT, we examined aspects of these processes in BDs through analyses of global messenger RNA (mRNA) expression patterns, bacterial infiltration, BD epithelial pathology, and immune cell infiltration. Our aim was to determine if any of these factors could explain why some damaged BDs repair without eventual biliary complications, whereas others do not.
Patients and Methods

STUDY SETTING
The study was approved by the local institutional review committee at the University Hospital Regensburg using samples collected in the Department of Surgery (number 11-160-0183).
PATIENT SELECTION AND DATA COLLECTION
Patients who received a LT at our institution from a donation after brain death between 2009 and 2012 were included in the study.
To ensure constant quality, LTs were performed by board-certified senior attending transplant surgeons. The back-table preparation was performed by a boardcertified surgeon; the procedure followed a standardized protocol at our institution. Additionally, a detailed standardized sampling protocol was followed by surgeons to collect 2-mm-long circular specimens of common BD. For patient safety reasons, it had to be assured that the BD remains long enough for safe anastomosis, for which the BDs are routinely trimmed back much further to reach an area with very good perfusion. A short donor BD was an exclusion criterion, but no patient had to be excluded for this reason. Samples were taken at the beginning of the back-table procedure during transplantation surgery in the recipient. Biliary epithelial injury was quantified by the BDDS and correlated with recipient and donor data and with patient outcome (Fig.  1A) . (9) Samples with grade 0 and grade 1, and <10% grade 2 or 3 damage, were defined as samples with "no relevant" damage; specimens with > 10% grade 2 or 3 damage were classified as samples with "major" damage. We have previously shown that >10% grade 2 or 3 damage can predict biliary complications after LT. (9) On this basis, samples were subdivided into groups. From 41 enrolled patients, 22 (54%) samples during cold storage exhibited "no relevant damage," and 19 (46%) of the samples showed "major" damage of the BD. Only 1 patient with "no relevant" damage developed a BD stenosis (group A; n 5 21); 7 patients (group B) from the "major" damage group also had no biliary complications, whereas 12 patients (group C) developed biliary complications (Fig. 1B) . Ten samples taken during procurement of liver grafts directly after cold perfusion were used as controls to compare histological findings. All samples were handled with forceps only, grasping outside connective tissue to prevent mechanical damage to the epithelial surface. All BD sections were sliced with a fresh scalpel and were immediately stored in paraformaldehyde (4%) to avoid drying.
Medical records of LT recipients were accessed for the incidence of biliary complications. Biliary complications were defined by biliary leakage, BD necrosis, biliary casts, secondary sclerosing cholangitis, and anastomotic or nonanastomotic biliary tract strictures requiring intervention or surgery.
HISTOLOGICAL ANALYSIS
Immunohistochemistry for E-cadherin and cytokeratin (rabbit polyclonal anti-E-cadherin antibody REF 4065; Cell Signaling, Danvers, MA; rabbit monoclonal anti-cytokeratin REF 52625; Abcam, Cambridge, UK) was performed; positive epithelial cells were manually counted on whole slides and normalized to the BD lumen range (cells 1 /5000 mm). Bacterial infiltration was determined by fluorescence in situ hybridization (FISH) for bacterial antigens using an EUB338 probe that can detect most but not all bacteria based on 16sRNA target site. (14) Bacteria were counted in 3 representative 20 3 high-power fields (HPFs). For immune-cell infiltration, tissue cross-sections were stained for CD56, CD14, CD4, and CD8 (mouse samples with grade 0 and grade 1, and less than 10% grade 2 or 3 damage, were defined as samples with "no relevant" damage (group A); specimens with more than 10% grade 2 or 3 damage were classified as samples with "major" damage and further subclassified in patients with (group C) and without (group B) biliary complications. 
MICROARRAY ANALYSIS OF mRNA
Common BD mRNA was isolated using the mRNAEasy formalin-fixed, paraffin-embedded kit (Quiagen, Venlo, the Netherlands). The mRNA was analyzed with a Human PrimeView Microarray (Affymetrix, Santa Clara, CA; details in Supporting Information). Global mRNA expression was evaluated using gene set enrichment analysis (GSEA). (15, 16) 
STATISTICAL ANALYSIS
Enrichment scores (ES) from GSEA are based on ranking metrics, measuring associations by a nonparametric, running sum statistic. (16) For a more accurate nominal P value of the enrichment score, 1000 permutations were performed. In all analyses, the nominal P values were < 0.01. For multiple hypothesis testing, the ES was normalized (normalized enrichment score [NES] ) and controlled by calculating the false discovery rate (FDR); for a more stringent assessment of significance we used a FDR cutoff of <5%, instead of 25%. (16) Patient and donor characteristics are presented as mean 6 standard deviation (SD) or as N with percentages and were analyzed with one-way analysis of variance or chi-quadrat. Comparisons between donor characteristics of the "no" relevant and "major" damage group were performed using Mann-Whitney U test and chi-quadrat. The level of significance was set at a probability of P < 0.05. Whether donor data influence BD morphology was analyzed with a Mann-Whitney U test. For all histological analyses, the Kolmogorov-Smirnov test was performed to show a Gaussian distribution; afterward a Student t test was performed, Mann-Whitney U test was applied if a Gaussian distribution was not present, and the level of significance for all analyses was set at a probability of P < 0.05. All histological evaluations were performed independently in a blinded fashion by 2 examiners. In case of divergent evaluations, a consensus was achieved, reevaluating the cross section together. In all histological evaluations, the concordance rate between the observers and the reproducibility of the result was >95%.
Results
BASELINE PATIENT CHARACTERISTICS
A total of 40 orthotopic LTs (female/male, n 5 11/29; 27%/73%) were included in this study and analyzed by the BDDS. (9) A total of 36 (90%) patients received a whole liver graft and 4 (10%) patients received a right lobe liver split (Table 1 ). In 34 (86%) patients, an endto-end choledochocholedochostomy and in 6 (14%) patients a biliodigestive anastomosis was conducted. In all cases, a sequential, first portal and then arterial reperfusion was performed. The most frequent diagnosis leading to LT was alcoholic liver cirrhosis (n 513, 32%) followed by hepatocellular carcinoma (HCC) in alcoholic liver cirrhosis (n 5 5, 13%) and acute liver failure (n 5 5, 13%). HCC in viral liver cirrhosis (n 5 4) and viral liver cirrhosis (n 5 4) followed with 10% each. Rare diagnoses requiring LT were cryptogenic liver cirrhosis (n 5 2, 5%), Budd-Chiari syndrome (n 5 2, 5%), cystic fibrosis (n 5 2, 5%), Morbus Wilson (n 5 1), autoimmune hepatitis (n 5 1), and Morbus Osler-Rendu (n 5 1; Table 1 ). Alcoholic liver cirrhosis was the most frequent indication for LT in all 3 groups. Neither the mean age nor the laboratory and match Model for End-Stage Liver Disease differed between the study groups (P 5 0.22; P 5 0.53; P 5 0.28; Supporting Table 1 ). Seven patients of group A, 0 patients in group B, and only 1 patient in group C had a systemic infection prior to transplant (P 5 0.14). Local intra-abdominal infections prior to transplant were more frequent in group A (n 5 5) compared with group B (n 5 1) and C (n 5 1), yet not significant (P 5 0.68). Similar results were seen in intraoperative donor BD smear tests, 6 tests in group A, 1 test in group B, and 0 tests in group C were positive (P 5 0.19). Furthermore, nosocomial multiresistant bacterial infections prior to transplant were seen in LIVER TRANSPLANTATION, Vol. 23, No. 11, 2017 JUNGER ET AL.
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BASELINE DONOR CHARACTERISTICS
Patients in the 3 different groups received organs from donors with comparable characteristics. No appreciable difference in donor age, organ quality, extended donor criteria (EDC), donor risk index (DRI), perfusion solution, donor bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), or potassium, cold ischemia time (CIT), warm ischemia time (WIT), WIT explant, time on intensive care unit (ICU), or time of cardiac arrest was observed (Supporting Table  2 ). Furthermore, we investigated whether donor characteristics independently predict biliary epithelial damage; no donor characteristic was associated with the occurrence of biliary epithelial damage (Table 3) .
REMAINING INTACT EPITHELIAL STRUCTURE AND ENHANCED REGENERATIVE RESPONSE CORRELATES WITH FEWER POST-LT BD COMPLICATIONS
To scan for differences in gene expression, we performed a broad mRNA analysis to identify distinct gene sets that are up-regulated in samples with "major" damage and no complications. Adherens junctions involving molecules such as E-cadherins are important for maintaining tissue architecture, cell polarity, and regulation of intracellular signaling. (17) (18) (19) (20) The gene set "adherens junctions" showed a statistically significant difference in GSEA, among others, tight-junction protein 1 and E-cadherin were enriched ( Fig. 2A) . In group B ("major" BD damage, no BD complication) genes related to adherens junctions were significantly up-regulated in comparison to group A ("no relevant" BD damage, no BD complication) and group C NOTE: Data are given as n (%). ("major" BD damage, BD complication; Fig. 2A ). To generally confirm these findings, immunohistochemistry (IH) was performed on BD sections for E-cadherin (Fig. 2B) . Further IH for cytokeratin-19, a biliary epithelial cell marker, which is crucial for the cellular integrity, was performed (Fig. 2C) . (21) (22) (23) Compared with the sections taken after organ procurement, the number of E-cadherin and cytokeratin-positive cells after cold storage was significantly reduced (P < 0.001), reflecting progression of BD damage during the cold storage, as previously reported (Fig.  2D,E) . (9) As expected, the number of E-cadherin and cytokeratin-positive cells was higher in BD samples with "no relevant" damage compared with those with "major" damage of the BD (Fig. 2D,E) . However, comparing the groups with "major" damage regarding the BDDS, group B showed significantly higher numbers of E-cadherin and cytokeratin-positive cells compared with group C patients who had biliary complications (P 5 0.03; P 5 0.047; Fig. 2D ,E). In conclusion, these expression data suggest enhanced regeneration in group B may be driven by the remaining intact epithelial cell structure.
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REDUCED PASSENGER LYMPHOCYTE INFILTRATION IN BD WITH "MAJOR" EPITHELIAL DAMAGE IS ASSOCIATED WITH BILIARY COMPLICATIONS
In LT, it has been shown that bactobilia frequently occurs, (24) with Enterococcus sp. and Escherichia coli (E. coli) being the most frequent isolated organisms related to biliary infections after transplantation. (25) To assess this in our BD sampling under cold storage conditions, a FISH-staining analysis specific for bacterial antigens was performed. After cold storage, bacterial translocation into the connective tissue of the BDs in all groups was detected (Fig. 3A) . Numbers of bacteria increased significantly under cold storage conditions (P 5 0.003; Fig. 3B) . Surprisingly, the amount of infiltrating bacteria did not depend on the tissue damage, and it did not correlate with development of later biliary complications (P 5 0.1; P 5 0.1; Fig. 3B ).
Despite the similar amount of bacterial infiltration observed by FISH analysis, a significantly altered immune response against pathogens on mRNA levels was detected. Among others, increased expression of CD45, CD14, and infection-related genes, eg, tolllike receptor 4, were noted in group B versus C (Fig. 3C) . (26) We also detected enhanced expression of genes involved in FC-c-mediated phagocytosis in group B versus C (Fig. 3D) . On the other hand, enrichment of proinflammatory and chemotactic cytokines, among others IL17A, chemokine (C-C motif) receptor (CCR) 4, CCR6, and CCR8, were associated with impaired outcome. Therefore, we investigated general immune cell infiltration during cold storage conditions. It has been shown that lymphocytes, predominantly preactivated T and natural killer (NK) cells, are transferred to the recipient after LT. (27) We examined immune cell infiltration in BDs by staining for CD561, CD141, CD41 and CD81 cells (Fig.  4A-C) . Based on the increased phagocytosis activity detected in group B, we first examined BDs for CD141 and CD561 cells. CD561 NK-cells were not detected in the extrahepatic BD samples we collected (data not shown). CD141 cell numbers were significantly greater in the BD after organ procurement compared to BDs after cold storage (P 5 0.04). However, no differences in CD141 cell infiltration were observed between the groups themselves (Fig. 4D) .
Regarding infiltrating passenger lymphocytes, while CD4 1 cells did not decrease, CD8 1 T cell numbers fell under cold storage conditions (P 5 0.02; Fig.  4E,F) . More interestingly, CD4
1 and CD8 1 T cells were significantly reduced in the group with "major" damage and biliary complications, compared with the "no relevant" damage group (P 5 0.02; P 5 0.009) and the group with "major" damage but no biliary complications (P 5 0.009; P 5 0.009; Fig. 4E,F) . To show immune cell activity of the infiltrate, double-IF staining was performed to test for cytokine production from the CD8 1 and CD4 1 cells that were present. CD8 1 local-infiltrating T cells showed an active IFNc 1 production and CD4
1 T cells an active IL17 production (Fig. 5) .
Together, these data suggest that cold storage is not optimal for passenger leukocytes and that the lack of CD4 1 and CD8 1 passenger lymphocytes in the group with "major" damage and biliary complications may indicate that immune cell infiltration of BDs has a protective effect regarding tissue maintenance and repair processes.
Discussion
In this study, we investigated whether alternative outcomes of BDs with "major" epithelial damage after cold storage might be due to differences in epithelial healing, regeneration processes, and different immune responses to pathogens. Our data show that following BD damage during cold storage, an increase in tissue reparative activities associated with maintaining epithelial integrity, and infiltration with immune cells are harbingers of good outcomes in terms of prevention of biliary complications.
In our previous study, we found that most BDs from donor livers have damage of the epithelium after cold storage, and this damage quantified by BDDS predicts biliary complications after LT. (9) Interestingly, however, not every BD with "major" damage developed postoperative BD complications, raising the question that although damage of the epithelium is clearly important, is it more important in predicting complications to know whether BDs show regenerative activity. (28) An intact epithelial architecture and integrity is crucial for a functional epithelial layer, since a disrupted epithelium can lead to induced cell death and unburdened bacterial translocation. (10, 29, 30) Our first finding showed that higher mRNA expression levels of adherens junctions and higher expression of the adherens junction proteins E-cadherin and cytokeratin were beneficial for BD with "major" damage. Because adherens junctions proteins are responsible for intact cellcell contacts that are important for tissue organization and integrity, and further regulate intracellular signaling events, our data may indicate that the remaining amount of intact epithelial layer with increased expression of adherens junctions contributes to epithelial reconstitution. (18, 19) This is consistent with a lower mRNA expression level of adherens junction observed in BDs with "no relevant" damage because little LIVER IMMUNOLOGY | 1429 regeneration is required due to less epithelial damage in this group. We know that a disrupted epithelial barrier leads to translocation of toxins and pathogens that can cause additional tissue damage. (31) In LT, it has been shown that bactobilia frequently occurs, (24) with Enterococcus sp. and E. coli being the most frequent isolated organisms related to biliary infections after LT. (25) However, our results showed that after cold storage all BDs of donor livers are colonized by bacteria. Moreover, the number of bacteria observed after cold storage is higher than directly after organ procurement, indicating bacterial growth and translocation despite cold storage. Interestingly, the number of bacteria does not appear to directly influence the postoperative outcome in terms of biliary complications. However, on an mRNA level we observed signs of an enhanced immune response in BDs that did not develop biliary complications, likely leading to an immune response activation mainly through proinflammatory cytokines and chemokines. (26) Presumably, this indicates that bacterial infiltration alone does not play a major role in causing biliary complications, but it does not exclude that bacteria could be a factor when combined with an inadequate immune response.
Besides the presence of bacteria that are able to destroy epithelial cells, we hypothesized that immune cells may be an important influence on BD repair processes. In our study, we were able to show that there are passenger immune cells in BD samples taken after extensive perfusion and cold storage. Further analyses of these tissues showed a decrease in CD8 1 
and CD14
1 cells from explantation to cold storage, indicating that cold storage conditions may not be optimal for these cells. Although CD14
1 cells were present in the BDs, there were no appreciable differences in the number of these cells among the control and different test groups. We did, however, observe differences in CD4
1 and CD8 1 cell infiltration, where more infiltration was consistently observed in those BDs without later biliary complications. This is consistent with data published by Hansen et al., who showed that increased inflammation after organ reperfusion was associated with less biliary complications. (12) However, this result was somewhat unexpected because there is generally an enhancement of immune cell invasion in the biliary tree (Kupffer cells, CD4 1 and CD8 1 T cells) with progressive BD injury in infants with biliary atresia. (13) From our data, we hypothesize that a local immune cell infiltration in the BD may be beneficial to prevent additional tissue destruction through bacterial pathogens.
In conclusion, our study suggests that following BD damage during cold storage, an increase in tissue reparative activities associated with maintaining epithelial integrity, and infiltration with immune cells are harbingers of good outcomes in terms of avoidance of biliary complications once "major" damage of the BD has occurred. We suggest in cases of suspected "major" BD damage that a pre-LT BD sample examination of these parameters could identify patients who later develop serious complications.
